Cui G, McCarty NA. Murine and human CFTR exhibit different sensitivities to CFTR potentiators.
murine CF models have been developed since the CFTR gene was identified (12, 36) . Several groups have demonstrated that wild-type murine CFTR (mCFTR) has biophysical characteristics clearly different from wild-type human CFTR (hCFTR), but both require phosphorylation of their R domain by protein kinase A or C (PKA or PKC) and ATP binding in the NBDs for activation (14, 15) . hCFTR and mCFTR share a high degree of sequence identity (ϳ78%): identity at the amino acid level is 81% in NBD1 and 84% in NBD2. The murine DelF508 (⌬F508)-CFTR mutant was at least partially processed and successfully localized to the apical membrane in differentiated airway epithelium, unlike ⌬F508-hCFTR (22) . hCFTR opens mainly to the full (f) open state with subconductance state 1 (s1) and subconductance state 2 (s2) as very rare events, whereas mCFTR exhibits mainly the s1 state with very brief transitions to the f state when recorded in transfected CHO-K1, Cos-7, and HEK293 cells (14, 15, 22) . The unique s1 state of mCFTR was proposed to arise primarily from the NBDs (24) . However, it is not known whether mCFTR exhibits additional features that are different from hCFTR, such as reaction to CFTR blockers including the most well-known and widely studied hCFTR pore blockers glibenclamide, GlyH-101, and diphenylamine-2-carboxylate (DPC). Both GlyH-101 and DPC block hCFTR in a voltage-and concentration-dependent manner with time independence, suggesting that both blockers have a single binding site or binding pocket in the CFTR pore that is accessible either from the extracellular side (GlyH-101) or cytoplasmic side (DPC) (4, 10, 32, 41) . Glibenclamide blocks hCFTR in a voltage-, concentration-, and time-dependent manner (1, 5, 39) . Meanwhile, the sole clinically used potentiator, VX-770, has been developed and studied in hCFTR, but the binding sites and functional mechanism and effects of VX-770 on mCFTR remain unclear (29, 31) .
To gain a better understanding of the possible functional and pharmacological differences between hCFTR and mCFTR, we endeavored to study the channel behavior and the effects of glibenclamide, GlyH-101, DPC, and VX-770 with the hypothesis that the effects of these chemicals differ on mCFTR vs. hCFTR. Our results identify multiple differences between hCFTR and mCFTR behavior and suggest that the functional mechanisms of VX-770 and GlyH-101 may be understood via cross-species comparison of hCFTR and mCFTR.
MATERIALS AND METHODS
Preparation of oocytes and cRNA. Human CFTR cRNAs for electrophysiology experiments were prepared from constructs encoding WT-hCFTR in the pgemhe vector (hCFTR/pGEMHE kindly provided by Dr. D. Gadsby, Rockefeller University). Murine CFTR (mCFTR/pcDNA 3.1) was kindly provided by Dr. A. P. Naren (University of Cincinnati) and subcloned into the pGEMHE vector (mCFTR/pGEMHE). The mutants of mCFTR and hCFTR used in this study were prepared by using site-directed mutagenesis with the Quikchange protocol (Stratagene, La Jolla, CA), and all mutant constructs were verified by sequencing across the entire open reading frame before use. Xenopus laevis oocytes were injected in a range of 0.4 -10 ng of CFTR cRNAs and were incubated at 17°C in modified Liebovitz's L-15 media with the addition of HEPES (pH 7.5), penicillin, and streptomycin. Recordings were made 24 -96 h after the injection of cRNAs. Methods of animal handling and oocyte collection were in accordance with the NIH guidelines and the protocol was approved by the Institutional Animal Care and Use Committee of Emory University (4, 37) .
Electrophysiology. For single-channel recording, CFTR channels were studied in excised, inside-out patches at room temperature (22-23°C) (18, 20, 32) . Oocytes were prepared for study by shrinking in hypertonic solution followed by manual removal of the vitelline membrane. Pipettes were pulled from borosilicate glass (Sutter Instrument, Novato, CA) and had resistances averaging ϳ10 M⍀ when filled with chloride-containing pipette solution (in mM): 150 N-methyl-D-glucamine (NMDG)-Cl, 5 MgCl2, 10 TES (pH 7.5). Typical seal resistances were 200 G⍀ or greater. Channels were activated by excision into cytoplasmic solution containing (in mM) 150 NMDGCl, 1.1 MgCl 2, 2 Tris-EGTA, 10 TES, 1 MgATP (adenosine 5=-triphosphate magnesium), and 127.6 U/ml PKA (pH 7.5). CFTR currents were measured with an Axopatch 200B amplifier (Molecular Devices; Sunnyvale, CA), and were recorded at 10 kHz to DAT tape. For subsequent analysis, records were played back and filtered with a four-pole Bessel filter (Warner Instruments; Hamden, CT) at a corner frequency of 1 kHz and acquired by using a Digidata 1322A interface and computer at 500 Hz with pClamp 8.2 (Molecular Devices). For display, single-channel records were filtered digitally to 100 Hz. pClamp version 10.2 was used to analyze single-channel currents and to make all-points amplitude histograms with a bin width of 0.01 pA, which were fit with Gaussian distributions. The open-duration analysis was performed on records from patches containing one to three active CFTR channels and only isolated single openings were measured for the analysis. Open-duration histograms were made and fit with a single exponential function with Igor version 4.10 (WaveMetrics; Lake Oswego, OR). Apparent open probability was measured with Clampfit 10.2.
For inside-out macropatch recording, patch pipette resistances were 1-2 M⍀ and the same symmetrical 150 mM Cl Ϫ solutions were used as for single-channel recording. Macropatch recordings were performed with an Axopatch 200B amplifier operated by pClamp 8.2 software, filtered at 100 Hz with a four-pole Bessel filter, and acquired at 2 kHz. We used two protocols in the project: 1) a voltage-ramp protocol was applied every 5 s, holding at membrane potential (V M) ϭ 0 mV then stepping up to ϩ100 mV for 50 ms followed by a ramp down to Ϫ100 mV over 300 ms then a step back to 0 mV; and 2) a voltage-step protocol was used to observe time-dependent glibenclamide-induced block, which included holding at V M ϭ 0 mV, step to VM ϭ ϩ80 mV, to VM ϭ Ϫ120 mV, to VM ϭ ϩ100 mV, then back to 0 mV (1, 4). , along with their all-points amplitude histograms, from inside-out membrane patches excised from Xenopus oocytes, with symmetrical 150 mM Cl Ϫ solution in the presence of 1 mM MgATP and 127.6 U/ml PKA. All traces were recorded at VM ϭ Ϫ100 mV. c, Closed state; s1, subconductance state 1; s2, subconductance state 2; f, full open state. Solid lines in histograms are fit results to a Gaussian function. D: mean burst durations of hCFTR (n ϭ 5 patches) and mCFTR (n ϭ 8 patches). #P Ͻ 0.001 compared with hCFTR. For mCFTR, we considered a transition from c to any open level (s1, s2, or f) as an opening. Representative current-voltage (I-V) curves of hCFTR (E) and mCFTR (F) recorded in symmetrical 150 mM Cl Ϫ solutions with the inside-out macropatch technique by using the ramp protocol as described in MATERIALS AND METHODS; n ϭ 8 for both hCFTR and mCFTR.
Standard two-electrode voltage-clamp (TEVC) techniques were used to study the blocking effects of GlyH-101 on both hCFTR and mCFTR and their mutants with application of reagents to the extracellular side. Each oocyte was injected with CFTR cRNA along with cRNA encoding the ␤ 2-adrenergic receptor (18, 19) . Pipette resistances measured 0.5-1.4 M⍀ when filled with 3 M KCl and measured in standard ND96 bath solution that contained (in mM) 96 NaCl, 2 KCl, 1 MgCl 2, and 5 HEPES (pH 7.5). CFTR channels were activated by exposure to 10 M isoproterenol (ISO) alone and alternatively assayed in the presence or absence of different concentrations of GlyH-101 in the bath solution. To measure block of CFTR by glibenclamide and DPC, a step protocol was used with holding potential Ϫ30 mV, and membrane potential stepped to potentials ranging from Ϫ140 mV to ϩ80 mV in 20-mV increments, holding at each for a period of 80 ms. Currents were acquired with an Axoclamp 900A amplifier and Clampex 10.2 software, and current data were digitized at 2 kHz.
Fractional change of current (F c) at steady-state in response to exposure to chemicals was calculated according to the equation Source of reagents. Unless otherwise noted, all reagents were obtained from Sigma Chemical (St. Louis, MO). L-15 medium was from GIBCO-BRL (Gaithersburg, MD), GlyH-101 was from Calbiochem (Billerica, MA), and PKA was from Promega (Madison, WI); 1 l PKA is equal to 127.6 units (U). GlyH-101 was prepared as a stock solution at 50 mM in DMSO. VX-770 was from Selleckchem (Houston, TX) and was prepared as a stock solution at 10 mM in DMSO. Glibenclamide and DPC were initially prepared as 0.5 M stocks in DMSO as previously reported (1, 2, 26 recorded single hCFTR and mCFTR channel currents in 150 mM Cl Ϫ symmetrical solution at V M ϭ Ϫ100 mV. Representative current traces are shown in Fig. 1 . mCFTR singlechannel behavior exhibited several divergent aspects from hCFTR. Unlike hCFTR, which opens mainly to the f state with rare s1 and s2 states (Fig. 1A) , mCFTR opens to multiple open states, s1, s2, and f ( Fig. 1, B and C) . The amplitude of s1 was ϳ25% and s2 was ϳ65% of f, which is different from the ratios of s1 and s2 to f in WT-, R334C-, R352A-, and R347A-hCFTR (s1 is ϳ40% and s2 is ϳ70% of f) (21, 27, 28) . The single-channel amplitude of the s1 state in mCFTR expressed in oocytes was not as low as previously reported (14, 15, 24) . The single-channel amplitude of f in mCFTR (0.66 Ϯ 0.01 pA, n ϭ 15) was significantly smaller than that of hCFTR (0.75 Ϯ 0.02 pA, n ϭ 6). As we previously reported, R334C-, R347A-, and R352A-hCFTR generally open from the closed state (c), to s1, then opened to s2 and f states (6, 37, 40) . In contrast, mCFTR seems to randomly open to the s1, s2, or f state ( VX-770 potentiated mCFTR significantly better than hCFTR. To date, VX-770 is the only Food and Drug Administration approved prescription potentiator of CFTR, available to patients for the treatment of CF under the trade name Kalydeco. It has been reported that VX-770 potentiates G551D-hCFTR by increasing open probability and enhancing ATP-independent activity (7, 29, 31) . We hypothesized that VX-770 would potentiate mCFTR similar to hCFTR. Because VX-770 modifies hCFTR intracellularly, we utilized the inside-out macropatch technique with a voltage-ramp protocol. Representative current recordings of hCFTR potentiated by VX-770 under different concentrations of MgATP and PKA are shown in Fig. 2 . During 5-min exposure, 10 M VX-770 increased wild-type hCFTR current by ϳ13% (13.3 Ϯ 0.06%, n ϭ 7), measured at V M ϭ Ϫ100 mV in the presence of 1 mM MgATP and 127.6 U/ml PKA (standard conditions) ( Fig. 2A) . We observed effects of 10 M VX-770 on hCFTR under both low-PKA and low-ATP conditions that would lead to reduced activity of hCFTR. Under standard conditions, 25.5 U PKA/ml with 1 mM ATP activated CFTR current to ϳ65% of the maximum current (34) . The EC 50 for ATP-dependent activation of hCFTR in presence of standard PKA concentrations is ϳ20 M (data not shown), similar to previous reports (9, 35) . hCFTR current reached plateau in ϳ10 -15 min under both low-PKA (25.5 U/ml PKA ϩ 1 mM MgATP) or low-ATP (50 M MgATP ϩ 127.6 U/ml PKA) conditions. Representative current traces are shown in Fig. 2 , B and C. During 5-min exposure, 10 M VX-770 increased hCFTR current to a similar level as standard conditions after being activated with ϳ20-min exposure of ATP and PKA. Summary data are shown in Fig. 2D . The data suggest that VX-770 mildly potentiated hCFTR regardless of CFTR phosphorylation level and open probability. We next tested the effects of VX-770 on mCFTR under standard conditions (1 mM MgATP ϩ127.6 U/ml PKA). Surprisingly, we found that mCFTR failed to reach plateau even after 50 min of exposure to standard conditions (Fig. 3A) . From 20 to 25 min, mCFTR current increased further 0.26 Ϯ 0.07-fold (n ϭ 5). mCFTR channels were activated more rapidly under high-PKA conditions (1 mM MgATP ϩ 638 U/ml PKA) (Fig. 3B) ; current reached plateau in ϳ15 min.
We then asked whether 0.5 M VX-770 potentiated mCFTR activated under standard conditions or high-PKA conditions; representative current traces are shown in Fig. 4 , A and B. After mCFTR was activated under high-PKA conditions, channels were exposed to 0.5 M VX-770 in the presence of ATP ϩ PKA for 5 min. mCFTR current was increased 0.84 Ϯ 0.09-fold under high-PKA conditions (n ϭ 4), even at this low VX-770 concentration, suggesting that VX-770 potentiated mCFTR when channels were fully activated. mCFTR channels also were activated under standard conditions for 20 min and then exposed to 1 mM ATP ϩ 127.6 U/ml PKA with different concentration of VX-770 for 5 min. Fractional increases in mCFTR current induced by VX-770 were calculated after correction for the average current increase over 5 min in the absence of VX-770 (see above); 0.5 M VX-770 potentiated mCFTR with similar efficacy under high-PKA conditions and standard PKA conditions (Fig. 4C ) (P ϭ 0.46). VX-770 potentiated mCFTR with K d ϭ 7.32 nM at V M ϭ Ϫ100 mV in standard conditions (Fig. 4D) , demonstrating increased sensitivity of mCFTR to VX-770-induced potentiation relative to hCFTR.
To further determine the mechanism of action of VX-770 on mCFTR, we performed single-channel recording of mCFTR in the absence (ϪVX-770) and in the presence of 200 nM VX-770 (ϩVX-770) (Fig. 4E) . VX-770 did not affect the unique single burst structure of mCFTR but significantly enhanced open probability of mCFTR (Fig. 4F) . These data suggest that VX-770 potentiates CFTR channels by affecting gating in a species-specific manner. Consequently, the crossspecies comparison between hCFTR and mCFTR presents a strong tool that may facilitate the identification of VX-770 binding sites and functional mechanisms.
Effects of GlyH-101 on mCFTR differ from hCFTR. GlyH-101 is a well-known open pore blocker of hCFTR that gains its binding pocket for this function from the extracellular space (26) . We have previously reported with the TEVC technique that the apparent K d for GlyH-101 at hCFTR is 0.98 M at V M ϭ ϩ80 mV and 4.9 M at V M ϭ Ϫ60 mV (4). We hypothesized that GlyH-101 block of mCFTR would be similar to that of hCFTR.
We first investigated the effect of 2.5 M GlyH-101 on hCFTR with mutations at selected amino acids that are also conserved in mCFTR, selected as follows: 1) R334 sits in the outer mouth of the CFTR pore, attracts Cl Ϫ into the pore, and directly affects ion conduction, which might affect GlyH-101 binding in the pore; 2) T338 is located in the narrow part of the hCFTR pore and has been suggested as a possible binding site for GlyH-101 ( Fig. 2 . Control, intracellular solution only; ATP ϩ PKA, 1 mM MgATP and 127.6 U/ml PKA; ATP ϩ PKA ϩ GlyH-101, 0.5 M GlyH-101 ϩ 1 mM MgATP ϩ 127.6 U/ml PKA. B: representative macropatch currents from mCFTR recorded in inside-out mode under high-PKA conditions. After the inside-out macropatch was formed, mCFTR was fully activated with cytoplasmic 1 mM MgATP ϩ 638 U/ml PKA for 20 min, followed by addition of 20 nM GlyH-101 for 5 min. C: representative macropatch currents from mCFTR recorded in inside-out mode with 1 mM MgATP ϩ 127.6 U/ml PKA for 20 min followed by addition of 5 nM GlyH-101 for 5 min. D: concentration-dependent increase in mCFTR current induced by GlyH-101 at VM ϭ Ϫ100 mV under standard PKA conditions is shown; solid line is the fit with a 1-site, ligand-saturation-binding equation, giving apparent Kd ϭ 0.6 nM at VM ϭ Ϫ100 mV. E: representative single-channel currents of mCFTR from the same patch before and after exposure to 5 nM GlyH-101, recorded under the same conditions as Fig. 1 . ϪGlyH, 1 mM MgATP ϩ 127.6 U/ml PKA; ϩ GlyH, 5 nM GlyH-101 ϩ 1 mM MgATP ϩ 127.6 U/ml PKA. F: apparent open probability of mCFTR in the absence (ϪGlyH) and presence (ϩGlyH) of 5 nM GlyH-101. *P Ͻ 0.05 compared with control condition (ϪGlyH).
architecture. Representative current traces and summary data are shown in Fig. 5 . GlyH-101 at 2.5 M blocked WT-hCFTR 28% at V M ϭ Ϫ60 mV in the continuing presence of 10 M ISO (used to activate CFTR via the ␤ 2 -adrenergic receptor; see MATERIALS AND METHODS), but the blocking effect was completely lost with both the R334A and R334C mutations (Fig.  5) . In contrast, 2.5 M GlyH-101 exhibited strengthened block of both T338A-and R352A-hCFTR (Fig. 5, C and D) . These data suggest that 1) R334 might contribute to GlyH-101 binding and function in CFTR's outer mouth; 2) in disagreement with the report from Norimatsu and coworkers, T338 might not be a direct binding site for GlyH-101 (21); and 3) loss of the R352-D993-D924 salt bridge and therefore maintenance of pore architecture did not weaken the GlyH-101 blocking effect, but rather strengthened its function, suggesting that the altered pore architecture did not preclude GlyH-101 from reaching its binding site in hCFTR. In fact, GlyH-101 is a large molecule, so it is highly possible that it is not able to get into the narrow part of the CFTR pore (between F337 and S341 in TM6), which has a diameter Ͻ4 Å (1).
We next examined the concentration dependence of GlyH-101 effects on mCFTR wild type and mutants. Surprisingly, we found that under the same experimental conditions as used for hCFTR, GlyH-101 not only blocked mCFTR but also potentiated it. A representative current trace is shown in Fig. 6A , and the dashed line at bottom of the trace indicates the maximum current of mCFTR activated by ISO alone before addition of GlyH-101. As shown, GlyH-101 initially blocked mCFTR current, similar to its effect on hCFTR. However, upon washout and the rapid recovery from pore block, current rebound past the control level (dashed line) was consistently seen in mCFTR. In these experiments, cells were exposed to extracellular GlyH-101 for only ϳ50 s; the magnitude of rebound was larger when incubation time was lengthened, suggesting that potentiation reflected a fraction of GlyH-101 permeating the membrane.
We analyzed the concentration-dependent inhibition and potentiation of mCFTR by GlyH-101; summary data are shown in Fig. 6 , B and C. At V M ϭ Ϫ60 mV, the apparent K d for inhibition of mCFTR was 32.4 M and the apparent K d for potentiation of mCFTR (with ϳ50-s exposure) was 103.6 M extracellular GlyH-101. Hence the blocking function of GlyH-101 on mCFTR is relatively weak compared with hCFTR; however, the inhibition may be underestimated owing to concurrent potentiation. We then tested block by 25 M GlyH-101 of five mCFTR mutants selected as follows: 1) R334 and T338 are conserved in both mCFTR and hCFTR and both amino acids are important in GlyH-101 function in hCFTR (see above); 2) V100 and I201 sit in the extracellular side of CFTR and are not conserved between hCFTR and mCFTR; therefore, we mutated V100 in mCFTR to the L of hCFTR and mutated I201 in mCFTR to the V of hCFTR; 3) R147 is predicted to be in the cytoplasmic aspect of the pore and so we mutated it to H as in hCFTR. A representative current trace of R334A-mCFTR is shown in Fig. 6D . GlyH-101 completely lost its blocking effect and only exhibited the potentiation function at R334A-mCFTR. Summary data for inhibition are shown in Fig. 6E . GlyH-101 displayed significantly strengthened block of V100L-mCFTR and distinctly weakened block of I201V-mCFTR. These data suggest that 1) R334 may contribute to GlyH-101 binding and function in mCFTR as in hCFTR, 2) I201 might be involved in GlyH-101-mediated inhibition, 3) V100 and T338 are probably not directly involved in GlyH-101 blocking function, and 4) R147 clearly is not involved in GlyH-101-mediated extracellular blockade of the pore.
In addition to inhibition of mCFTR, GlyH-101 potentiated WT-mCFTR and the same five mutant mCFTR variants to an almost identical level, as shown in Fig. 6F . Hence, those mutations that impacted pore block by GlyH-101 did not generally impact potentiation by this compound. GlyH-101 was originally identified as a membrane impermeant chemical, but it actually permeates into cells to ϳ60% in 2 h (16). It is unlikely that GlyH-101 both blocks and potentiates mCFTR by binding to the same sites in the pore and therefore we hypothesized that GlyH-101 potentiated mCFTR from the cytoplasmic side in a manner different from its blocking effect from the extracellular side.
To investigate the response to cytoplasmic GlyH-101 in hCFTR and mCFTR, we used inside-out macropatch recordings in symmetrical 150 mM Cl Ϫ solution. As shown in Fig.  7A , hCFTR was not potentiated by 0.5 M GlyH-101 when it was applied onto the cytoplasmic side under standard conditions (n ϭ 3). Similar results were also seen in hCFTR under low-PKA and low-ATP conditions (data not shown). In contrast, 5-min exposure to 20 nM GlyH-101 under high-PKA conditions (1 mM MgATP and 638 U/ml PKA) strongly and rapidly potentiated fully activated mCFTR (Fig. 7B) ; mCFTR current increased 0.48 Ϯ 0.13-fold (n ϭ 5) in 5 min under high-PKA conditions. We then tested the concentration-dependent potentiation of mCFTR by GlyH-101 under standard conditions. Representative current traces are shown in Fig. 7C and summary data are shown in Fig. 7D . mCFTR channels were activated under standard conditions for 20 min and then exposed to ATP ϩ PKA with different concentrations of GlyH-101 for 5 min. Fractional increases in mCFTR current induced by GlyH-101 were calculated after correction for the average current increase over 5 min in the absence of GlyH-101; the data were fit with a one-site, ligand saturation-binding equation, resulting in an apparent K d ϭ 0.6 nM. At 20 nM, GlyH-101 potentiated mCFTR channels to a similar degree in high-PKA and standard PKA conditions (P ϭ 0.29). These data strongly support our hypothesis that GlyH-101 potentiates mCFTR from the cytoplasmic side, in contrast to the channel inhibition effect that was observed with drug applied extracellularly. During ϳ50 s exposure to GlyH-101 in TEVC experiments, very little GlyH-101 likely permeated into the oocytes and potentiated mCFTR while simultaneously extracellular drug blocked the mCFTR pore. Consequently, the blocking efficiency of mCFTR by GlyH-101 was underestimated because of the potentiation function and therefore the apparent K d for inhibition of mCFTR was dramatically higher than that for hCFTR.
We next investigated possible mechanisms by which GlyH-101 potentiates mCFTR by utilizing single-channel recording at V M ϭ Ϫ100 mV in 150 mM Cl Ϫ solution. Representative traces recorded from one patch in the absence (ϪGlyH) and presence (ϩGlyH) of GlyH-101 are shown in Fig. 7E . GlyH-101 did not change the unique single-channel burst behavior of mCFTR but significantly increased its open probability (Fig.  7F) . These results suggest that GlyH-101 affects mCFTR gating to potentiate channel opening.
VX-770 slowed hCFTR closing but accelerated mCFTR closing. Although VX-770 had very little effect on hCFTR steady-state currents, we found that exposure to 10 M VX-770 dramatically slowed hCFTR deactivation after subsequent removal of ATP, PKA, and VX-770. A representative current trace is shown in Fig. 8A . The deactivation time course of hCFTR after VX-770 incubation was fitted with a single exponential function with time constant 833.33 s as shown in Fig. 8B . The kinetics of CFTR deactivation after exposure to VX-770 were significantly slower than without VX-770 pretreatment (Fig. 8C ). This phenomenon was not observed in mCFTR. As shown in Fig. 8 , D-F, 0.5 M VX-770 preincubation accelerated mCFTR deactivation (time constant significantly smaller than ATP and PKA alone, without exposure to VX-770). This suggests that VX-770 might stabilize the dimerization of NBDs in hCFTR and destabilize the dimerization of NBDs in mCFTR. GlyH-101 pretreatment exhibited no effects on deactivation of either hCFTR or mCFTR after removal of ATP and PKA (data not shown). VX-770 did not exhibit ATP-independent potentiation at hCFTR or mCFTR. VX-770 was suggested first by the Bear group and then by the Hwang group to potentiate hCFTR in an ATP-independent manner (7, 13) . To determine whether VX-770 can stimulate CFTR in the absence of ATP, hCFTR was first activated by ATP ϩ PKA and then fully deactivated by removal of ATP and PKA; hCFTR then was successfully reactivated by exposure to 1 mM ATP alone, suggesting that most channels remained phosphorylated after several minutes without PKA (Fig. 9A) . Similar experiments were done with 10 M VX-770 alone. After hCFTR channels were allowed to close for a similar time period, exposure to VX-770 alone failed to reactivate hCFTR (Fig. 9B) . The data indicate that, unlike previous reports, VX-770 did not stimulate hCFTR in an ATP-independent manner. Similar experiments were performed with mCFTR (Fig. 9, C and D) . mCFTR was activated with ATP ϩ PKA for 20 min then fully deactivated upon removal of ATP and PKA. mCFTR was successfully reactivated by exposure to ATP alone (Fig. 9C) , whereas exposure to VX-770 alone failed to reactivate mCFTR (Fig. 9D) , indicating lack of ATP-independent stimulation by VX-770. The difference between our data and that of Jih and Hwang (13) may be due to protocol difference where they observed and reported ATP-independent potentiation by VX-770 immediately after removal of cytosolic ATP; given the channel closing rate described above, it is unlikely that the patch was truly free of ATP and even less likely that the NBDs had fully dedimerized and released the unhydrolyzed ATP from the degenerate ATPbinding site in their studies. GlyH-101 also did not potentiate mCFTR in an ATP-independent manner (data not shown).
Glibenclamide blocked as well as potentiated mCFTR. Glibenclamide is a well-characterized small molecule open pore blocker of hCFTR that enters the pore from the cytoplasmic side (39) . We hypothesized that glibenclamide would block mCFTR similarly to hCFTR. Representative current traces from hCFTR in the absence and presence of 10 M glibenclamide are shown in Fig. 10A Ϫ symmetrical solution. ϪGlib, 1 mM MgATP alone; ϩ Glib, 50 M glibenclamide ϩ 1 mM MgATP. The voltage-step protocol is described in MATERIALS AND METHODS and consisted of these phases: pulses to VM ϭ ϩ80 mV, Ϫ120 mV, and ϩ100 mV. CFTR channels were previously phosphorylated with PKA and 1 mM MgATP. Dashed lines represent zero current level. Representative macroscopic current of mCFTR from the same patch in the absence and presence of glibenclamide (10 M in B, and 20 nM in C), with the same recording conditions as A. D: concentration dependence of steady-state block by glibenclamide at VM ϭ Ϫ120 mV. The apparent Kd ϭ 7.01 M for block was obtained from a fit with a 1-site, ligand-saturation-binding equation (red line, n ϭ 4 -6 patches for each concentration). E: concentration-dependent potentiation of mCFTR by glibenclamide at VM ϭ ϩ100 mV. Apparent Kd ϭ 4.71 nM for potentiation was obtained from a fit by using the same equation (red line, n ϭ 4 -6 patches for each concentration). (Fig. 10C) . The results suggest that glibenclamide more strongly blocks mCFTR compared with hCFTR. The fractional block of mCFTR reached plateau at 50 M glibenclamide; surprisingly, the fractional block of mCFTR by 200 M glibenclamide was significantly lower than that at 50 M, suggesting that glibenclamide, like GlyH-101, not only blocked but also potentiated mCFTR (P Ͻ 0.05, 200 M compared with 50 M glibenclamide). At high concentrations of glibenclamide, potentiation and inhibition of mCFTR may have occurred concurrently.
To separate the potentiation effects of glibenclamide from inhibition, we recorded mCFTR at lower glibenclamide concentration and at depolarizing potentials where inhibition is not effective. Representative current traces and summary data are shown in Fig. 10, D and E, respectively, indicating K d ϭ 4.71 nM for the rather weak glibenclamide-mediated potentiation of mCFTR at V M ϭ ϩ100 mV. At the K d for potentiation there was no inhibitory effect of glibenclamide on mCFTR. This behavior also was observed in whole oocytes studied with the TEVC technique. As shown in Fig. 11 , hCFTR only exhibited the blocking effect by glibenclamide applied extracellularly (Fig. 11A) , whereas mCFTR was blocked at negative potentials but potentiated weakly at positive potentials by glibenclamide (Fig. 11, B and C) .
DPC blocked mCFTR and hCFTR similarly. Besides GlyH-101, glibenclamide, and VX-770, we also asked whether DPC blocked hCFTR and mCFTR differently and whether DPC could be another tool to differentiate between mCFTR and hCFTR. DPC is a small molecule, fast open pore blocker of hCFTR that blocks in a time-independent manner from the cytoplasmic side (26) . We tested the effects of 100 M DPC on hCFTR and mCFTR utilizing the TEVC technique. As shown in Fig. 12 , DPC blocked hCFTR and mCFTR with similar efficacy at positive and negative potentials and did not exhibit potentiation. These data suggest that DPC is not a valuable tool for studying hCFTR compared with mCFTR.
DISCUSSION
In the present work, we asked whether the clinically useful CFTR potentiator VX-770 and three pore-blocking molecules highly used in CF research have similar impact on wild-type human CFTR and wild-type murine CFTR. The main results are summarized as follows: 1) GlyH-101 both blocked and potentiated mCFTR but only blocked hCFTR. Mutations at some sites important for channel function in hCFTR or mCFTR affected blockade but did not affect potentiation. GlyH-101 was found to increase open probability of single mCFTR channels. 2) Glibenclamide also weakly potentiated mCFTR but blocked both mCFTR and hCFTR. 3) VX-770 potentiated mCFTR strongly but had very little effect on hCFTR. VX-770 increased open probability of single mCFTR channels. VX-770 slowed deactivation of hCFTR but accelerated deactivation of mCFTR after removal of ATP and PKA. VX-770 exhibited potentiation of both hCFTR and mCFTR in an ATP-dependent manner but not in an ATP-independent manner. Hence, in addition to the known effects of VX-770 as a CFTR potentiator, both GlyH-101 and glibenclamide, highly used in CF research for their blocking capabilities, may also provide useful information as potentiators. 4) DPC, as a control, blocked mCFTR and hCFTR similarly, without apparent potentiation. These results suggest that either mCFTR and hCFTR bind these compounds at different sites or the binding of drug has different consequences in mCFTR and hCFTR. These studies further suggest that chimeras of mCFTR and hCFTR may be useful for identification of the binding sites for CFTR potentiators.
In combination with the homology model of CFTR, the data presented in the present studies predict possible binding pockets in mCFTR. The VX-770 binding pocket is clearly not generated by the consequences of clinical mutations like G551D because several different channel mutants are sensitive to potentiation by this drug (38) . There may be a single binding pocket for VX-770 that overcomes the decreased effectiveness of ATP-mediated gating in these mutants. In contrast to its effects as a pure extracellular open pore blocker of hCFTR, GlyH-101 blocked mCFTR from the extracellular side in a manner sensitive to some pore-domain mutations and also potentiated mCFTR from the cytoplasmic side in a manner insensitive to those same mutations, supporting the notion of GlyH-101 binding in two different binding pockets: one that underlies inhibition and one that underlies potentiation. Similar to GlyH-101, glibenclamide most likely blocks mCFTR as well as potentiates mCFTR, via two binding sites on the cytoplasmic side of mCFTR.
The dissimilar sensitivities of mCFTR and hCFTR to potentiators and blockers offer a strong tool for identifying binding sites and functional mechanisms. It has been suggested that VX-770 potentiates hCFTR mutants by increasing the rate of opening as well as via an ATP-independent manner by acting directly on the NBDs (29, 31) . However, recent data indicating that VX-770 potentiates channels bearing multiple diseasecausing mutations, spread across CFTR, and that VX-770 potentiates one mutant but not another one in the same domain (for example, VX-770 potentiated TM mutants T338I-and R347H-but not S341P-and E92K-CFTR and potentiated cytoplasmic loop mutants E193K-and K1060T-but not R1066M-and L1065P-CFTR) do not support this conclusion (30, 38) . Unlike a previous report indicating that VX-770 did not potentiate mCFTR expressed in FRT cells, measured as forskolin-stimulated transepithelial currents (29) , our data indicate that VX-770 potentiated mCFTR expressed in oocytes considerably better than hCFTR. Our data clearly indicate that there are specific, quantitative differences between hCFTR and mCFTR with respect to their response to VX-770.
GlyH-101, originally identified by the Verkman group, is described as highly water soluble and poorly membrane permeant (26) . However, GlyH-101 can permeate into intestinal epithelial cells with a half-time of ϳ2 h (16). Our initial experiments suggested that GlyH-101 blocks mCFTR considerably more weakly (much higher K d compared with hCFTR at the same membrane voltage), owing to simultaneous potentiation of mCFTR by GlyH-101 that had diffused to the cytoplasmic side (K d ϭ 0.60 nM). In fact, we can separate the inhibitory and stimulatory effects of GlyH-101 on mCFTR because the R334A mutation completely abolished the inhibitory effect of GlyH-101 on mCFTR without affecting potentiation. This is not a problem for hCFTR since GlyH-101 does not potentiate hCFTR expressed in Xenopus oocytes when applied to either side of the membrane.
Glibenclamide is a well-known open pore blocker of hCFTR that blocks the channel from the cytoplasmic side (1, 17, 39 ).
We found that glibenclamide blocked mCFTR with a lower K d compared with hCFTR. When the concentration was dropped to nanomolar levels, glibenclamide lost its blocking effect on mCFTR and we detected that glibenclamide is capable of weakly potentiating mCFTR. In fact, it has been demonstrated previously that glibenclamide can stimulate hCFTR at lower doses (33) . Because both glibenclamide-induced inhibition and potentiation of mCFTR occur from the cytoplasmic side, it is hard to separate them completely as is possible with GlyH-101.
CFTR is now known to be "druggable" because VX-770 can target mutants of hCFTR to increase their activity (29) . However, both the binding site(s) and mechanisms of action for CFTR potentiators are not known. By taking advantage of the high sequence identity between hCFTR and mCFTR, VX-770 and GlyH-101 binding sites and functional mechanism(s) may be identified by studying first human and murine chimeras followed by point mutants. It is rational to think that the site(s) to which these drugs bind might also be able to be occupied by other drugs that have even greater effect. Combined with computational docking approaches, understanding the mechanism of VX-770 and GlyH-101 will lead to rational drug design to identify better therapeutics for control of CF disease.
